This study investigates the behavior of fiber-reinforced polymer-strengthened reinforced concrete beams under static and impact loads. The experimental program includes six beams tested in static loads and seven beams tested against impact loads. Longitudinal fiber-reinforced polymer strips and fiber-reinforced polymer U-wraps were used to strengthen these beams. The section of four beams was modified to have a curved soffit in order to reduce the stress concentration of fiber-reinforced polymer U-wraps and provide confinement effect on longitudinal fiber-reinforced polymer strips. The experimental results showed that the proposed modification significantly increased the beam capacities as compared to their rectangular counterparts strengthened with the same amount of fiber-reinforced polymer material. In addition, this article also provides explanations and discussions on the phenomenon of shifting of the flexure failure mode under static loads to the shear-flexure failure mode under impact loads of all the beams tested in the study, as well as the proper interpretations of the measured impact forces in the tests. From the experimental results, it is recommended that the impact force and inertial force at the very early stage of an impact event should be used to design the impact resistance.
Introduction
heavy objects on structures. Fiber-reinforced polymer (FRP) has been commonly used in the field of civil engineering for a few decades. This material can be utilized to improve the impact resistance of structures. It has been used in strengthening or retrofitting existing structures or building new structures ranging from beams, slabs, columns, to walls (Mutalib and Hao, 2011; Nguyen-Minh and Rovňák, 2013) . Among those types of structures, RC beams can be strengthened with FRP regarding to shear failure or flexural failure to resist impact loads. The structural behaviors of RC beams against impact loads have been studied and presented in the literature. Unfortunately, structural behaviors of RC beams strengthened with FRP against impact loading are limited to a few qualitative studies (Erki and Meier, 1999; Saadatmanesh, 2003, 2005; White et al., 2001) . Erki and Meier (1999) conducted tests on 8-m-long RC beams (Beams BF1 and BF2) strengthened for flexure resistance. The strain rate of FRP during the tests varied from an average of 0.7 s −1 (strain/second) to a maximum of over 0.84 s −1 . Debonding of the laminate was observed as the primary failure mode of the two beams tested. Since it is difficult to predict the progress of the failure of FRP-strengthened RC beams in the test, the first occurrence of the debonding or the rupture of FRP was not determined. Tang and Saadatmanesh (2003) tested five RC beams under drop-weight tests. Multiple drops up to 30 were conducted in the study. The authors mentioned that because the impact loading would cause vibration, and the top and bottom faces of the beams would experience cyclic tensile and compressive stresses. FRP was bonded to two sides of the beams. During the testing, flexural cracks first occurred on the bottom face of concrete and propagated upward to the level of the neutral plane. With progressively increasing the impact load, diagonal shear cracks were observed. These cracks extended quickly to the interface of concrete and laminate at the top and bottom surfaces and then propagated along the interface. These beams finally failed in shear. The debonding strain of FRP was about 4000 µε (microstrain) with the strain rate about 1.4 s −1 . Tang and Saadatmanesh (2005) further reported experimental tests of 27 concrete beams under impact loading. A total of four types of cracks were observed, and flexural cracks first occurred on the bottom face of the concrete and then propagated upward to the level of the neutral plane. When the number of impacts or the height of a drop increased, these cracks extended to the interface between the FRP and the concrete. Most of the tested beams failed owing to shear cracks. Experimental results showed that using stiffer FRP can enhance capacities of RC beams under impact loading. Pham and Hao (2016a) investigated the impact behavior of FRP-strengthened RC beams without stirrups. The authors have conducted drop-weight tests on 13 beams which were strengthened in shear by different wrapping schemes. Experimental results from that study have shown that the FRP contribution to shear strength can be estimated by the procedure recommended by ACI 440. 2R-08 (2008) with reasonable accuracy. However, the debonding strain of FRP under impact loads is slightly lower than that under quasi-static loads. Accordingly, actual debonding strains of FRP were recommended for impact loads to achieve better estimations.
The above studies provided observations of failure modes of FRP-strengthened RC beams but have not quantitatively examined the structural behavior of RC beams against impact loading. Time histories of FRP strips along the RC beams have not been available in the literature so that they are examined and discussed. This study aims to study the response of RC beams which are flexurally strengthened with FRP under drop-weight tests. An alternative technique for strengthening RC beams against both static and impact loads is introduced and its excellent performance was validated against the conventional strengthening technique. Using approximately the same amount of materials, the modified beams eliminated the stress concentration at the FRP U-wraps and provided confining pressure on the longitudinal FRP strip and thus enhanced their capacities under both static and impact loads. The main objectives are to study the following: (1) failure modes and crack patterns of the tested specimens; (2) the dynamic response of the beams and the relations between the measured impact loads, reaction forces, and inertial forces; and (3) the effectiveness of a new strengthening method. This study first describes the specimens' design, the setup of static and impact tests. The experimental results of the static tests are then presented to demonstrate the efficiency of the proposed strengthening technique. The impact resistance of the modified beams is then compared to that of the conventional strengthening technique to confirm its efficiency. Finally, the dynamic response and time delay of the tested beams are investigated and discussed to provide further understanding of the impact behavior.
Strengthening schemes and FRP debonding
RC beams have been successfully strengthened with longitudinal FRP to increase their flexural resistance in quasi-static tests. In such cases, the soffits of beams were bonded with a number of longitudinal FRP strips. However, the effectiveness of this conventional strengthening technique is limited by the debonding of the longitudinal FRP strips. There are many causes leading to the debonding of longitudinal FRP strips as explained in the study by Smith and Teng (2002b) . The most commonly reported debonding failure occurs at or near the FRP plate ends. This failure is due to high interfacial shear and normal stress (Smith and Teng, 2002b) . In addition, the debonding becomes more critical as FRP-strengthened RC beams are subjected to impact loading. The debonding of FRP has been observed in most of the existing studies about RC beams flexurally strengthened with FRP against impact loading as presented previously. Hamed and Rabinovitch (2005) conducted an analytical study about RC beams strengthened by FRP under impulsive loads and found that the peeling stress developed at the edges of the FRP, this phenomenon is similar to that in the static aspect.
In addition, the bonding between FRP and concrete in impact tests may be very different from that in static tests. Generally, impact loading is an extremely severe loading condition characterized by a force of great intensity within a short period of time. The behavior of structures under impact loading may consist of two response phases. They are the local response due to the stress wave that is generated at the loading point immediately upon impacting and lasting a very short period of time after the impact and the overall response consisting of the force and free vibration effect with the elastic-plastic deformation which lasts a relatively longer period of time after the impact event. It is worth noting that the overall response is predominantly governed by the loading rate effect and the dynamic behavior of the structural member (Fujikake et al., 2009 ). The two phases may cause double impact on the bonding which may lead to a reduction in the bond strength of FRP.
In order to mitigate the debonding failure of FRP, transverse FRP strips are bonded to three sides of the beams, namely, FRP U-wraps. The use of normal FRP U-wraps cannot generate force against the peeling stress in the adhesive as shown in Figure 1 , that is, the tensile force in FRP does not contribute to resist the peeling stress (σ) in the FRP U-wraps in the case of normal rectangular beams. The peeling stress is thus resisted by the tensile stress of the adhesive or concrete near the surface. On the contrary, if the beam soffit is modified to become an arc with a radius r, the FRP U-wraps can generate confining stresses which help to prevent the debonding of longitudinal FRP strips as shown in Figure 1 . In such cases, the peeling stress is resisted by the sum of the tensile stress in adhesive and the confining stress from the FRP U-wraps. The confining stress can be estimated as follows (Pham and Hadi, 2014) 
where σ is the confining stress in adhesive, P is the force in the FRP U-wrap, and r is the radius of the beam soffit.
Experimental program

Test matrix and material properties
There are two beam groups with different loading conditions and sections, namely, rectangular section and modified section. The beams with a modified section were cast in a special formwork including a rectangular steel formwork and curved polystyrene foam formwork. These beams were designed to fail in flexure so that their static shear capacity is about four times of their static flexural capacity (Table 1) . For easier reference, the notation of the beams consists of three parts: The first part is N-and M-that states the shape of the section (Normal rectangular and Modified section). The second part indicates the wrapping arrangement in which L is for the number of FRP layers of the longitudinal strip, while T stands for the number of transverse strips in half of a beam. For instance, L2T7 means this beam was bonded with two layers of the longitudinal FRP strip and seven one-layer FRP U-wraps on the half beam. It is noted that the longitudinal FRP strip was bonded before the FRP U-wraps. The third part is to distinguish static loads and impact loads in which A and B are for static and impact, respectively. It is noted that these beams belong to slender beam group as defined by MacGregor (2005) with the shear span ratio (a/d) 4.52 in which a stands for the shear span, and d is an effective depth of the beam. The dimensions of the rectangular beams were 150 mm in width, 250 mm in height, and 2200 mm in length. The modified-section beams had the same length as the rectangular beams, but the section was modified at the soffit which is an arc with a radius of 125 mm. The soffit of the beams was modified in order to postpone the premature debonding of the longitudinal FRP strips and reduce stress concentration of FRP U-wraps. The details of the reinforcement are illustrated in Figure 2 . The nominal tensile strength of deformed bars and plain bars was 500 and 250 MPa, respectively. The ready-mixed concrete used to cast these beams had the compressive strength of 46 MPa at 28-day age.
The beams were bonded with a number of FRP layers onto the beam soffit. In order to delay the debonding of FRP, FRP U-wraps were bonded vertically onto three sides of the beams as shown in Figure 3 . FRP was bonded to the substrate of concrete by epoxy resin which has a tensile strength of 54 MPa, tensile modulus of 2.8 GPa, and 3.4% tensile elongation (West System, 2015) . The adhesive used was a mixture of epoxy resin and hardener at 5:1 ratio. The FRP was the same type and supplier with the one used in a number of studies (Pham et al., 2015a (Pham et al., , 2015b . The carbon fiber-reinforced plastics (CFRP) used was 75 mm in width with a unidirectional fiber density of 340 g/m 2 . The nominal thickness of FRP was 0.45 mm, and the tensile strength was 1548 MPa. The average strain at the maximum tensile force and the average elastic modulus was 1.74% and 89 GPa, respectively, as based on ASTM D3039 (2008) .
Prior to bonding FRP to the beams, careful surface preparation was carried out to remove weak concrete. The concrete surface was roughened using a pneumatic needle gun (or needle scaler). The concrete surface was blown by an airgun to ensure that all dust and weak concretes were removed. The concrete surface was then cleaned by acetone. A primer was applied to the concrete surface before bonding with FRP. The epoxy curing time was maintained at least 3 days before testing as based on recommendation from the supplier.
Strain measurement
A number of strain gauges (SGs) were bonded to the soffit of the beams to monitor the longitudinal strains with three objectives: (1) obtain the impact load versus FRP strain curves, (2) the distribution of FRP strain along the beams, and (3) the FRP strain at failure in which rupture or debonding of FRP could be expected. These SGs were placed at a spacing of 150 mm from one end of the beams to the midspan point as shown in Figure 3 . Two SGs were also fixed on the side of each FRP U-wrap to monitor the FRP strain during the impact events.
Testing procedure
The static tests involved testing six beams and measuring their responses to a monotonically increasing load. The beams were simply supported in a three-point loading configuration using a roller and pin, creating an effective span of 1900 mm. The beams were tested using a hydraulic jack with a loading rate at 1 mm/min. The deflections of the beams were measured at different positions by linear variable differential transformers (LVDTs). Drop-weight impact tests were conducted by dropping a weight from a certain height onto the midspan of the beams using the impact test apparatus, as detailed in the study by Pham and Hao (2016a) . The weight was made of a solid steel cylinder, weighing 203.5 kg. The boundary condition was carefully designed for center-point flexural impact tests of the simply supported beams as shown in Figure 4 . Two load cells were, respectively, fixed onto the strong floor and the beam at one end of the beams, as shown in the study by Pham and Hao (2016a) , to be able to measure both positive and negative reaction forces ( Figure 4) . A pin and a steel roller were placed on the supports to produce an effective span of 1900 mm. A high-speed camera which was set to capture 5000 frames per second was used to monitor the failure processes. The data acquisition system controlled by a computer was used to record forces from the load cells and SGs. The data acquisition system recorded data at the frequency of 50 kHz.
Experimental results of static tests
Failure modes
All beams tested under quasi-static loads failed under the flexure mode, since they were designed to have relatively large shear resistance. The shear resistance of these beams is 3.42-4.08 times higher than their flexural resistance. Vertical cracks appeared at the midspan of beams when the applied load reached about 18-20 kN. These cracks were observed for all beams including the reference beam and the strengthened beams as shown in Figure 5 . As conventional RC beams were failing in flexure, new vertical cracks were observed at positions closer to the supports. The widths of these cracks opened and their lengths developed from the soffit of the beams to the top. For the strengthened beams (NL1A, NL2T1A, ML2T1A, and NL2T7A), when the applied load was substantial, the longitudinal FRP strip initially debonded at the midspan and debonding extended to the beam ends. The longitudinal FRP strip still carried tension stress as evidenced by the increase in longitudinal strain, which will be discussed in the later part in this article. Accordingly, the tension force in the longitudinal FRP strip horizontally pulled the vertical FRP U-wraps and caused the shear stress in the FRP U-wraps. When the FRP U-wraps ruptured, the beam failed due to complete debonding of the longitudinal FRP strip as shown in Figure 6 
Load-displacement curves
The load-displacement curves of the reference beam and rectangular beams are presented in Figure  7 . At the early stage of loading, the slope of the curves of these beams was almost the same, which means that the contribution of the FRP strip had not been activated yet. When the applied load was greater than 50 kN, the applied load of strengthened beams still increased, while the load of the reference beam remained unchanged and decreased afterward. Some discontinuing points observed in the load-displacement curves of the strengthened beams were caused by debonding of the longitudinal FRP strip at the midspan. After FRP debonding stresses in these beams were redistributed, the applied load continued increasing, while the debonding of the longitudinal FRP strips extended to positions closer to the supports. The experimental results of these beams are presented in Table 2 . When FRP rupture occurred, the applied loads of the strengthened beams dropped to the corresponding value of the reference beam as shown in Figure 7 . The maximum displacement of these beams summarized in Table 2 indicates the displacement at the maximum load. After the FRP strip ruptured, these beams still could resist a load of the same level as the corresponding load of the reference beam at the same displacement. The capacity of Beam NL1A increased up to 14%, while Beams NL2T1A and NL2T2A enhanced by 8% and 20%, respectively, as compared to the reference beam. It can be seen that using two FRP U-wraps at the ends of the longitudinal strip increases the capacity of the beams. The FRP U-wraps helped to stop debonding of the longitudinal FRP strip. Especially, the capacity of Beam NL2T7A enhanced by up to 59%, in which the longitudinal FRP strip debonded at the load of 66 kN, but the FRP U-wraps prevented the propagation of the debonding. As a result, the capacity of Beam NL2T7A increased significantly until all FRP U-wraps ruptured.
The load-displacement curves of the modified-section beams are presented in Figure 8 . As expected, the modified beams exhibited higher capacity than their counterpart in normal rectangular section group. The increase in the capacity in Beams ML2T1A and ML2T2A was 23% and 34% compared to the reference beam. Interestingly, the capacity of Beam ML2T7A increased 87% even though this beam used the same amount of materials and smaller cross-sectional area as compared to Beam NL2T7A. It is recommended that the modified beams can be made by separately casting rectangular beams and curved segments before bonding them together by epoxy. The similar section modification method has been successfully used in previous studies Pham et al., 2013; Priestley and Seible, 1995) . At the maximum load, the FRP U-wraps of Beam NL2T7A did not rupture, while the longitudinal FRP strip ruptured, which caused the failure. The curved soffit of this beam provides twofold advantages. It generated the normal stresses on the longitudinal FRP strip and increased the curvature of the bottom corner of the section, which eliminated stress concentration of the FRP U-wraps as shown in Figure 1 . As can be seen that r is a finite value in the case of the curved beam section so that the normal stress σ in FRP U-wraps provides confinement to the longitudinal FRP strip and then mitigates debonding failure of the longitudinal FRP strip (Equation 1). On the other hand, r is infinite in the cases of the rectangular beams, thus the normal stress σ in the FRP U-wrap does not prevent debonding of the longitudinal FRP strips. Meanwhile, the FRP U-wrap restrains the longitudinal deformation of the longitudinal FRP sheets and thus increased the shear resistance at the interface but not the normal stress resistance.
Debonding strain of FRP
Debonding in FRP-strengthened concrete structures takes place in regions of high stress concentrations, which are commonly associated with discontinuities and the presence of cracks. Propagation path of debonding that initiates from stress concentrations is affected by the material properties and their interface rupture properties (Buyukozturk et al., 2004) . The FRP strain of Beam NL2T7A is shown in Figure 9 to describe the debonding propagation and the debonding strain. It is noted that the locations of SGs are shown in Figure 3 . From Figure 9 , SGs L3 and L4 located near the midspan of the beam rose steadily at the early stage of loading. After 950 s, these SGs suddenly dropped while SGs L1 and L2 were activated at the same time. It means that debonding occurred and propagated to near the beam ends. Thus, the average value of SGs L3 and L4 is assumed as the debonding strain of this beam. In the meantime, the values of SGs TB1, TB2, TB3, and TB4 (25 mm above the beam soffit) were very small (less than 0.16%) and thus are not presented. Interestingly, these FRP U-wraps ruptured at the corners, implying that the stress concentration at these positions was significantly high. The debonding strain of FRP of all the tested beams is summarized in Table 2 . In order to demonstrate the effectiveness of the proposed beam modification, the FRP strains of Beams ML2T7A are shown in Figure 10 . At about 1300 s, SGs L3 and L4 reached the average value of 1.09%, while SGs L2 and L1 suddenly jumped to about 0.4%. This phenomenon was caused by the propagation of FRP debonding from the midspan to the beam ends. In addition, some cracking sounds of the epoxy were heard at the same time. The beam then failed by rupture of the longitudinal FRP strip at midspan (Figure 6(e) ). Figure 10 also shows that strain of the longitudinal FRP strip dropped, while SG TB4, which located on the FRP U-wrap at the midspan, suddenly jumped to a new value about 0.38%. It is obvious that the FRP strain of the proposed Beam MN2L7A was higher than the other rectangular beams and no stress concentration occurred. The debonding strain of FRP can be estimated based on bond strength models available in the literature as summarized in the study by Smith and Teng (2002a) . In order to estimate the debonding strain of FRP, the actual FRP thickness of the tested beams was measured at five different positions along the beams. The reported results in Table 2 are the average values of these measurements. 
Experimental results of impact tests
Crack patterns and failure modes Figure 5 shows the crack patterns and failure modes of the tested beams. From this figure, it can be seen that the crack patterns of the tested beams under impact loads have shifted from vertical cracks in static tests to both inclined and vertical cracks. The vertical cracks distributed along the beams, while the inclined cracks were observed at the impact zone surrounding the midspan. It means that failures of all beams tested under impact loads were governed by both the shear and flexure modes, although the beams were designed with strong shear capacity. The number of vertical (flexural) and diagonal (shear) cracks of Beam RB are the same, indicating that the dynamic shear and flexure capacities of this beam to resist impact loads are quite comparable. When the beam is strengthened with one longitudinal FRP layer (Beam NL1B), the static flexure capacity is thus increased. Beam NL1B still had some flexural cracks, but the shear failure is more pronounced with wider shear cracks. Similar observations were observed in the cases of Beams NL2B, NL2T1B, and ML2T1B. Particularly, there were very few vertical cracks in Beam ML2T1B, indicating the effectiveness of applying FRP strips in enhancing the beam flexural capacity. As a result, the shear failure governs the failure mode of this beam. As expected, Beams NL2T7B and ML2T7B exhibited less cracks than other tested beams with very small crack widths. As can be seen from Figure 5 , the FRP U-wraps arrested the inclined cracks and prevented them from opening. These beams had only one vertical crack at the midspan under the impact zone as compared to the many shear cracks of the other beams without FRP U-wraps. This observation implies that the failure of these two beams was governed by the shear capacity.
All the impacted beams showed the local concrete crushing and scabbing damage at the impacted area. The maximum impact forces in these beams are about 500 kN corresponding to the contact area of 150 × 150 mm 2 . The compressive stress of the concrete in the impact direction was about 22 MPa, which was smaller than the static compressive strength of the concrete (46 MPa). The compressive damage of the concrete was thus caused by the beam global bending deformation. The photo of the compressive failure of the concrete underneath the load adaptor supports this statement ( Figure 5 ). Beam RB failed with concrete crushing and wide vertical and inclined cracks. These cracks were distributed in two-third of the beam span, and no crack was found closer to the supports. From Figure 5 , stiffer beams exhibited less number of cracks and the cracks were distributed in a smaller area. Beams NL1B and NL2B failed by debonding of the longitudinal FRP strip, while Beams NL2T1B and ML2T1B failed by debonding of the longitudinal FRP strip and rupture of the FRP U-wraps as shown in Figure 11 (a) and (b). The longitudinal FRP strips did not rupture in these beams. In rectangular beams, the FRP U-wraps were found to rupture at the corners owing to stress concentration (Figure 11(a) ). However, the FRP U-wraps of modified-section beams did not rupture at the section corners but failed at the intersection of the longitudinal and FRP U-wraps (Figure 11(b) ). Similar to Beam NL2T7A, Beam NL2T7B failed owing to debonding of the longitudinal FRP strip and rupture of the FRP U-wraps at the corners (Figure 11(c) ). Interestingly, Beam ML2T7B failed by rupturing of the longitudinal FRP strip similar to Beam ML2T7A. However, no rupture of FRP U-wraps was found in Beam ML2T7A, while the midspan FRP U-wrap of Beam ML2T7B was ruptured (Figure 11(d) ).
In addition, Figure 12 shows the progressive failure of Beam NL1B. At the very early stage (1 ms) after the impact, the first two shear cracks were observed, which initiated from the edges of the impact zone (the load adaptor) 45° toward the beam soffit. The two inclined cracks, which were resulted from the shear effect, formed a trapezium-shaped concrete wedge below the impacted area. At 2 ms, there was one new vertical crack while the two existing cracks further opened as shown in Figure 12 (c). A new short vertical crack appeared close to the beam soffit at 3 ms ( Figure  12(d) ). At 4 ms, three new cracks were observed to initiate from the beam soffit upward. These new cracks were close to the vertical direction which is an indication of the flexure behavior dominance as shown in Figure 12 (e). Subsequently, no new crack appeared in this region, but the existing cracks further opened (Figure 12(f) ). Among these cracks, the two first inclined cracks were the longest and the widest so that they mainly dominated to the failure of the beam. 
Dynamic response
All impacted beams were tested by dropping a 203.5-kg projectile from the height of 2 m. The theoretical impact velocity is 6.26 m/s, which was confirmed by actual impact velocity traced from the high-speed camera images presented in Table 3 . This impact velocity may be close to the impact velocity in actual impact situations of dropping heavy objects on structures, rocks falling, and ship impacts on bridges. All beams failed after the first drop with debonding or/and rupture of FRP and large residual displacement. Figure 13 shows the time histories of the impact force and reaction forces of all impacted beams during the first 50 ms. The reaction force in the upward direction was assumed to be positive as in the case of static tests and vice versa. From this figure, it is observed that the responses of all beams have similar time history pattern. First, the time history of the impact force exhibited the first peak with an isosceles triangle shape, high amplitude (about 450 kN), and short time duration (about 5 ms). Second, the triangular-shaped second peak was observed at 10 ms after the first peak. Subsequently, several local triangular-shaped peaks were found before the time history decreasing to 0 at about 30 ms from the first peak. In the meantime, the time history of the reaction forces shows an interesting phenomenon. As can be seen from Figure 13 , the negative reaction force was recorded before the positive reaction force. It is worth noting that this phenomenon is also reported in previous studies (Cotsovos, 2010; Kishi and Mikami, 2012) . In a numerical study about the behaviors of RC beams under high rate loading, Cotsovos (2010) found that a negative reaction was induced before the positive reaction was activated. In addition, Kishi and Mikami (2012) conducted an experimental study and also observed a similar phenomenon that the negative reaction was induced before its positive counterpart. No convincing explanation has been provided yet regarding this interesting observation. Attempt to explain and understand this phenomenon is made here based on the theory of stress wave propagation. It is well known that upon impact on a solid surface, stress waves will be generated and propagate in the solid, in which, 67% of impact energy is converted to surface Rayleigh wave, and Shear wave and P-wave account for the remaining 26% and 7% impact energy, respectively (Rhazi et al., 2002) . P-wave and Shear wave propagate faster than Rayleigh wave and also attenuate faster because of their relatively higher frequency contents. In the drop-weight tests, stress waves are also generated in the beam and propagate from the impacted location at the midspan toward the two ends. P-wave reaches the support first, followed by the Shear wave and Rayleigh wave. Both the P-wave and Shear wave cause the beam vibrate in the horizontal direction, where P-wave in the longitudinal direction, while Shear wave in the transverse direction. Vibrations in the horizontal directions do not generate vertical load; that is, P-wave and Shear wave arrival will not be measured by the load cell placed in the vertical direction. On the other hand, Rayleigh wave causes beam vibrate in the vertical direction with elliptical wave path along the beam surface. Arrival of Rayleigh wave will be measured by the vertical load cell and results in negative force measurement of the upper load cell at the supports. This is the likely reason for the observed negative reaction force measured in the tests at the initial stage as shown in Figure 13 . More discussions to further support the above explanation will be given in the next subsection.
In this study, the maximum negative reaction (lasted for about 5 ms) of about 20 kN was recorded with an isosceles triangle shape. After the negative phase, the reaction force became positive and reached its maximum value at approximately 60-86 kN. The time history of the positive reaction force consisted of half-sine waves or triangular-shaped curves at the early stage. After the main peak, the reaction force time history shows damped sinusoidal shapes caused by vibration of the beam at a low frequency. The maximum value of the positive reaction force was observed at the first or the second peak. The positive reaction of Beam RB reached the maximum value at 60 kN at the first peak, while it obtained the maximum value at the second peak in all the strengthened beams. Figure 13 shows that the heavier strengthened beams, the larger difference between the second and the first peaks. For example, the positive reaction force of Beam ML2T7B has the first peak 60 kN and the second peak 86 kN. The reason that the maximum reaction force in FRP-strengthened RC beams appeared at the second peak was because the deformation of the beam at the first loading peak activated the FRP strips which increased the beam stiffness and loading capacities. The beams were stiffer after the activation of the longitudinal FRP strips, and they resulted in higher load (reaction forces). It is evident from Figure 13 that the reaction forces first appeared as negative related to Rayleigh wave as explained above, they then increased to the maximum values in the positive region owing to the global equilibrium of the beam under impact loadings before reducing again to the negative region because of free vibrations of the beam. The first maximum negative reaction forces were larger than their second counterparts associated with the beam-free vibrations.
The time histories of the displacement are shown in Figure 14 . It can be seen that all beams deflected from the original position to the maximum displacement and back to the residual deflection in about 35 ms. The maximum displacement and residual displacement of Beam RB were 52.3 and 41.6 mm, respectively. FRP strengthening significantly reduced the maximum displacement and the residual displacement of RC beams as compared to the reference beam (from 16% to 35%). The decrease percentage of the residual displacement is higher than that of the maximum displacement. Especially, strengthening Beam ML2T7B seems very successful, since its maximum and residual displacements are greatly reduced by 35% and 44%, respectively. After reaching the first peak, these beams vibrated about two cycles before resting in the new balance positions.
Time delay of impact tests
As can be seen from Figure 13 , there was a time lag (time delay) between the impact force and the reaction forces. The time lag can be estimated from the difference between the activation time of the impact force and the reaction force. For further interpretation of the time lag, Figure 15 provides a closer look at the time history of these forces. As shown in Figure 15 , the time lags vary from 0.7 to 0.9 ms. Without loss of generality, it is reasonable to assume that the average time lag is 0.8 ms. The time lag is associated with the time required for stress waves to travel from the impact point to the supports. It is noted that the distance from the midspan to the supports is 0.95 m, and thus the stress wave velocity is estimated to be 1188 m/s. This velocity is far different from the P-wave velocity of concrete which is about 3300 m/s. For concrete (E ≈ 25.10 9 N m m −2 and ρ ≈ 2400 kg m −3 ), the longitudinal stress wave velocity is c = √(E/ρ). The time lag has been reported in previous studies (Banthia et al., 1987 (Banthia et al., , 1989a Cotsovos, 2010; Fujikake et al., 2009; Isaac, 2014) . However, no evident-based explanation has been provided in the literature. Banthia et al. (1987 Banthia et al. ( , 1989a reported in their experimental studies that the stress wave velocity estimated from the time lag was about 1200 m/s. The authors explained that the reasons for this time lag include the discrete sampling interval and the possible initial softness of the beam supports. In order to clarify these possible causes, this study ensures that the beam supports were properly tightened to a force of 80 kN, and the sampling interval time was set to 0.02 ms, as compared to 0.2 ms in the study by Banthia et al. (1987) . This sampling frequency should give sufficiently accurate recordings of the time lag of 0.8 ms. The similar estimated stress wave velocity in this study does not support the above reasons. In addition, Cotsovos (2010) conducted a numerical simulation and reported that the time lag was 0.5 ms for a distance of 1.35 m. The stress wave velocity in this case was 2700 m/s which is closer to the longitudinal wave velocity in concrete. The author attributed the discrepancy between the observed wave velocity and the actual wave velocity in concrete to that the stress waves were unable to travel throughout the structural element length before loss of load-carrying capacity. Isaac (2014) reported in his PhD thesis that the stress wave velocity was about 750 m/s. The time lag in his tests was 0.7 ms corresponding to a distance of 0.5 m from the midspan to the supports. Isaac suggested that the dominating propagating wave is not a shear wave but a lower velocity wave.
In brief, there is a time lag between the impact force and the negative reaction forces, which has been clarified by both experimental and numerical studies. The time lag can be explained by the stress propagation theory. It is worth mentioning that two vertically oriented vibration receivers should be used to measure the R-wave velocity to obtain accurate measurements. The time delay from two receivers is the travel time, which is a difference between the two peaks of signal curves in time domain. In this study, the time delay between the peak impact load and the peak negative reaction force was about 0.6 ms, smaller than 0.8 ms estimated from wave arrivals, for a distance of 0.95 m. This is the time delay between the impact source and the receiver, not between two receivers. Using the time lag of 0.6 ms, the velocity of R-wave is thus about 1583 m/s, which is still smaller than the common value of the R-wave velocity in concrete, 2100-2500 m/s (Rhazi et al., 2002) . However, it is noted that the impact force was measured from a load cell placed on the top of the steel load adaptor on the beam. Similarly, the load cells at the supports were not in direct contact with the beam either. There exist a steel plate, a steel roller, and a steel disk between the beam and load cell. As a result, there exist a small time delay between the measured impact force and the force acting on the beam and a time delay between the stress wave on the beam and the measured reaction force by the load cell at the supports. These contribute to the relatively large recorded time delay of 0.6 ms. Another reason for a small stress wave velocity is that the significant crushing damage in concrete material at and near the impacting zone considerably reduces its Young's modulus, which leads to smaller wave velocity. As can be seen in Figure 13 , the impact duration was about 5 ms, while the first severe damage in concrete can be observed in the specimens at 1 ms. It is thus evident that the concrete damage appeared at early stage and during the traveling period of stress waves resulted in lower propagation velocity. In addition, wave dispersion could also be a reason of the above phenomenon because the RC beam is not an infinite half space, interaction between the coming waves and the reflected waves from beam boundaries could change apparent wave propagation velocities.
In summary, Rayleigh wave propagation is used to explain the observed time lag between the impact force and the recorded reaction force, and the initial negative reaction force in impact tests. Further analyses and tests are necessary and will be carried out to confirm the explanations.
Debonding strain of FRP
The FRP strains of the impacted beams are shown in Figure 15 . The longitudinal FRP strips in all impacted beams debonded from the concrete surface with exception of Beam ML2T7B. Since impacted beams failed by FRP debonding, it is assumed that the maximum strain of the longitudinal FRP strips is the debonding strain of FRP. In Beam NL1B strengthened with only one longitudinal FRP strip, the debonding strain of FRP estimated from the average strain of three SGs L2, L3, and L4 was 0.46%. The debonding strain of FRP in Beam NL2T1B was 0.33%. The FRP strain in the FRP U-wraps was very small (<0.05%), thus it is not presented in the figure. It is noted that SG L1 failed during the tests of the two beams. Unfortunately, data of the FRP strains of Beams NL2B and ML2T1B were lost because of a malfunction of the control computer.
It is interesting that although Beam NL2T7B failed by debonding of the longitudinal FRP strip and fracture of the FRP U-wraps, the FRP strain on the FRP U-wraps was almost 0 or very small. The debonding FRP strain of Beam NL2T7B is 0.50%, which is an average of SGs L1, L2, and L4, since SG L3 failed. On the other hand, Beam ML2T7B failed differently from all other beams so that more discussion is made on this beam. The longitudinal FRP strip of Beam ML2T7B debonded at vicinity of the midspan (SGs L2, L3, and L4), while it was still in the excellent bond condition at positions of SG L1. As can be seen from Figure 16 , SGs L2-L4 had reached very high values, while SG L1 was still very small (0.04%). It means that the modifiedsection beam together with FRP U-wraps prevented the longitudinal FRP strip from debonding. Especially, the longitudinal FRP strip ruptured at the midspan (SG L4), but unfortunately SG L4 failed after reaching the strain of 0.38%. The debonding strain of FRP (0.41%) is the average of SGs L2 and L3. In addition, the FRP U-wraps at the midspan had been activated as shown by the values of SG TB4. This SG located near the beam soffit reached the maximum value at 0.21%. This FRP U-wrap then ruptured at middle of the beam soffit as shown in Figure 11(d) . In addition, the longitudinal FRP strips reached their maximum values at about 2-2.5 ms which resulted in a strain rate of approximately 1.6-3 s −1 .
In brief, the debonding strain of FRP in impact tests was found to be smaller than its counterpart in the static tests. The impact stress wave with high amplitude may cause this reduction. It is noted that this study includes two identical sets of beams tested under static loads and impact loads, respectively. The first set of beams under static tests exhibited a pure flexure failure mode, while the second set under impact loads failed in a combined mode (shear-flexure mode). The impact loads caused wider shear cracks which may result in high stress concentration of the longitudinal FRP strip. These two reasons possibly lead to the reduction in the FRP debonding strain in the impact tests.
Shear dominance in impact tests
From the experimental results above, it is interesting that all beams failed statically in the pure flexure mode shifted to the shear-flexure mode in impact tests. As mentioned previously, the shear dominance is more critical in impacted beams. This phenomenon can be explained as follows: when a drop-weight impacts a beam and accelerates it, the beam is then balanced by the participation of all force elements, such as impact force, reaction forces, and inertial forces as presented in the study by Saatci and Vecchio (2009) . However, since the impact force is significantly higher than the reaction forces, and there is a time delay between the impact force and reaction forces as shown in Figure 13 , the force equilibrium is maintained because of the inertial forces during the action of impact force.
The acceleration of the beam causes inertial forces as presented in previous studies. Banthia et al. (1989b) experimentally proposed the distribution of the inertial forces along the beam at which the distribution is linear in the case of plain concrete and sinusoidal in the case of RC concrete. There is a consensus that the impact force is resisted by the inertial forces at very early moment of an impact event (Cotsovos, 2010; Cotsovos et al., 2008; Saatci and Vecchio, 2009) . Experimental results from this study also confirm this assumption, since no reaction forces or very small value of the negative reaction force was observed during the action of the impact force ( Figure 13 ). The free-body diagram for dynamic equilibrium of the impacted beams at the very early moment is presented in Figure 17 . For simplicity, the distribution of the inertial forces along the beam is assumed to be linear. The resulting moment of the beams at the maximum impact force can be estimated in the following two steps: (1) since reaction forces are 0, and the sum of the initial force is then equal to the maximum impact force, the values of distributed initial force can be computed; (2) considering a half of the beams and taking moment about the midspan section results in equation 2 
where M is the resulting moment, P is the impact force, L is the beam span, and a is the overhang length. The impact force can be estimated as presented in the study by Pham and Hao (2016b) . Considering the peak impact force P and performing static equilibrium analysis, the largest shear force equals to P/2 in the both cases as shown in Figure 17 , but the peak dynamic bending moment is equal to PL/12 if overhang a is assumed to be 0, which is three times smaller than that obtained in static case. Therefore, a beam that experiences flexural damage under static loading might suffer shear damage under impact load. In addition, the shear force in the beam is equal to the reaction in the static cases (about <50 kN), while the shear force at the midspan of impacted beams is equal to half of the impact forces (approximately 250 kN). The shear force in the impacted beam is thus five times higher than that in the static cases. As a result, the shear failure became more critical in the impacted beams. It is recommended that the shear failure mode should be carefully considered in such cases.
Conclusion
This study investigates the behavior of RC concrete beams strengthened with FRP under both quasi-static and impact loads. The proposed beam modifications have been demonstrated successful in increasing the beam capacities in both loading conditions. The findings in this study are summarized as follows: 1. The proposed beam section modification delays the debonding of FRP and reduces the stress concentration at the corners. They significantly increased the beam capacities even though the same amount of materials are used as compared to its rectangular counterparts. 2. Using FRP U-wraps is highly recommended to maximize the capability of longitudinal FRP strips. 3. RC beams failed in the flexure mode in static tests may fail by shear-flexure mode under impact loads. 4. The impact force and inertial forces at the very early moment of an impact event should be used to design the impact resistance. 5. Locally strengthening RC beams in shear at the expected impacting region is crucial to prevent the shear failure. 6. Impact loads might cause premature debonding of FRP so that anchor system should be used to strengthening RC beams against impact loads.
Finally, the experimental results showed that FRP can be used to strengthen RC beams against impact loads. However, debonding of FRP and shear dominance in impact tests should be carefully taken into account. Analyses of the observed initial negative reaction forces and time delay between the impact loads and reaction forces have also been carried out. Possible explanations of these phenomena in impact testing have been provided.
